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ABSTRACT
G-DNA is a four-stranded DNA structure with diverse
putative biological roles. We have previously purified
and cloned a novel G-DNA-binding protein TGP1
from the ciliate Tetrahymena thermophila. Here we
report the molecular cloning of TGP3, an additional
G-DNA-binding protein from the same organism. The
TGP3 cDNA encodes a 365 amino acid protein that is
homologous to TGP1 (34% identity and 44% simi-
larity). The proteins share a sequence pattern that
contains two novel repetitive and homologous motifs
flanking an extensively hydrophilic and basic region.
A nuclear fractionation experiment showed that
TGP1 and TGP3 activities are localized predomi-
nantly in the nuclear fraction. To further investigate
the biological roles of the proteins in vivo, we have
generated separate macronuclear gene knockout
(KO) strains (TGP1KO and TGP3KO) for each of the
two genes. Southern blot analysis demonstrated that
the macronuclear copies of each gene were
completely disrupted. Mobility shift assays showed
that the corresponding G-DNA-binding activity for
each protein was abolished in the KO strains. Growth
analysis showed that both KO strains grew at near
wild-type rates, indicating that neither of the genes is
essential for cell growth. Nevertheless, nuclear
staining analysis revealed that both TGP1KO and
TGP3KO cells have an increased occurrence (more
than 2-fold) of extra micronuclei, implying faulty
control of micronuclear division in the KO cells.
INTRODUCTION
G-DNA, also known as G4, G-quartet or G-tetraplex DNA, is
a family of four-stranded DNA structures characterized by a
novel motif called the G-quartet (1,2). In a G-quartet, four
guanine molecules (one from each of the four DNA strands) lie
in a plane with each guanine forming G:G hydrogen bonds
with its two neighbors. Although the existence of G-DNA in
vivo remains undetermined, many G-rich sequences of biolog-
ical relevance can readily form the G-DNA structure in vitro
under near physiological conditions. These sequences include
most telomeric DNA (3–5), an immunoglobulin switch region
(6), microsatellite sequences (7) and a few gene promoters (8–
10). Once formed, G-DNA is usually more stable than double-
stranded DNA, evoking the suggestion that this degree of
stability may preclude the dynamic properties required for
biological activity. However, recent identification of several
proteins with G-DNA unwinding activities (11–13) argues in
favor of a functional role for G-DNA in vivo.
Evidence is accumulating which implies that G-DNA plays
roles in diverse biological processes. First, G-DNA has
implied function(s) at telomeres, the terminal structure of the
eukaryotic chromosome (14). Two telomere-binding proteins,
the yeast RAP1 protein (15) and Oxytricha TEBP β subunit
(16), were found to facilitate the formation of G-DNA in vitro.
G-DNA formation at telomeres may regulate the activity of
telomerase, the enzyme responsible for the regulation of
telomere length, as suggested by a study showing that telo-
merase was inhibited by G-DNA primers (17). Second,
G-DNA may have roles in recombination. The yeast KEM1
protein, which is essential for meiotic recombination, is a
G-DNA-specific nuclease (18,19). LR1, a B cell-specific
protein that binds to the immunoglobulin switch region (which
is G-rich), was found to exhibit G-DNA-binding activity (20).
Third, G-DNA may play a role in gene regulation. This is
supported by studies identifying G-DNA-binding activities in
proteins known to be involved in the control of gene expres-
sion, including the transcription factor MyoD (21) and eukary-
otic topoisomerase II (22). Finally, G-DNA may play other
roles in vivo, as novel G-DNA-binding proteins, including a
hepatocyte chromatin protein QUAD (23) and two yeast
proteins G4p1 and G4p2 (24,25), have been identified.
We have studied G-DNA and G-DNA-binding proteins in
the ciliate Tetrahymena thermophila. Tetrahymena is a poten-
tially rich source of G-DNA since its macronuclear genome is
fragmented and thus contains a large proportion of telomere
DNA (G-rich T2G4 repeats) (26). Three G-DNA-binding activ-
ities (TGP1, TGP2 and TGP3) had been identified from
Tetrahymena total protein extracts (27–29). While TGP2
contains dyhydrolipoamide dehydrogenase activity (29),
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TGP1 was cloned and shown to be a novel protein (27). In this
paper, we report the molecular cloning of a third Tetrahymena
G-DNA-binding protein, TGP3. TGP3 is homologous to TGP1
and both proteins share an intriguing sequence pattern that may
constitute a novel putative G-DNA-binding domain. To inves-
tigate the biological functions of these two novel proteins, we
have generated macronuclear gene disruption strains for each
of the genes separately. Both gene knockout (KO) strains
(TGP1KO and TGP3KO) grow at near normal rates, indicating
that neither gene is essential for cell growth and survival.
However, nuclear staining analysis revealed that in both KO
cells the percentage of cells containing multiple (more than
two) micronuclei is much higher than that in the wild-type
cells. These data suggest that the control of micronuclear divi-
sion in the KO cells is faulty.
MATERIALS AND METHODS
Tetrahymena cell culture and extract preparation
Cells were cultured in 2% PPYS medium (2% proteose
peptone, 0.2% yeast extract, 10 µM FeCl3) at 30°C with
constant shaking (125 r.p.m.). Cell cultures were not generally
allowed to exceed a concentration of 5 × 105 cells/ml. Cells
were transferred to fresh medium at 1:1000 dilution. Stocks
were maintained at room temperature in low aeration in either
1% PPYS for 1 month or soybean medium (1 soybean auto-
claved in 10 ml ddH2O) for 6 months. Tetrahymena total
protein extract was prepared as previously described (28).
Briefly, T.thermophila cells (strain C3V) were grown to mid
log phase (2.5 × 105 cells/ml) and harvested. Cells were
washed twice with 10 mM Tris–HCl, pH 7.5, resuspended in
5 vol of TMG buffer (10 mM Tris–HCl, pH 7.5, 1 mM MgCl2,
10% glycerol and 10 mM β-mercaptoethanol) with protease
inhibitors (0.01 mM leupeptin, 0.01 mM pepstatin and 0.1 mM
Pefabloc; all from Boehringer-Mannheim, Indianapolis, IN)
and lysed by addition of a 1/10 vol of 2% NP-40 (Sigma, St
Louis, MO). The cell lysate was centrifuged at 100 000 g for
70 min. The supernatant (S100) was immediately frozen in
liquid nitrogen and stored at –70°C.
Protein purification and peptide sequencing
TGP3 was purified using essentially the same protocol previ-
ously described for TGP1 purification (27). Three chromato-
graphy columns were used for TGP3 purification, including a
SP-Sepharose column, a DE52 column and a G-DNA affinity
column. Partially purified TGP3 (∼5 µg) was resolved by 10%
SDS–PAGE and transferred to PVDF membrane. The protein
band was excised and used for N-terminal peptide sequencing
(ISU Protein Facility). For internal peptide sequencing ∼5 µg
TGP3 protein transferred to PVDF membrane was digested
with CNBr according to the method of Smith (30). Digested
peptides were separated by 16% SDS–PAGE and transferred
to PVDF membrane. Each peptide band was excised and
subjected to N-terminal peptide sequencing.
TGP3 cDNA and gene cloning
Mid log phase T.thermophila (strain CU428) cells were used
for both RNA and DNA extractions. Total genomic DNA was
prepared as previously described (31). RNA extraction was
performed using the TriZol reagent (Life Technologies,
Rockville, MD) according to a protocol recommended by the
manufacturer. Rapid amplification of cDNA ends (RACE) was
performed using RACE kits from Gibco BRL. For 3′-RACE,
first strand cDNA was synthesized using a poly(dT)-anchor
primer (Gibco BRL). Subsequent PCR was performed with the
first strand cDNAs using an anchor and a partially degenerate
primer TGP3U [5′-TGCAGAAC(T/C)AACAA(T/C)TA(T/
C)AGAAAA] corresponding to the peptide cRTNNYRK. The
predominant PCR product was cloned and sequenced (ISU
DNA Facility). For 5'-RACE, two gene-specific primers, 3R1
(5′-TGTTAGTGTTGTTGTTGTTGC) and 3R2 (5′-AGCTT-
AGTGGAATCTCTTAGGC), were synthesized based on
sequences obtained from the 3′-RACE. Primer 3R2 was used
in first round PCR and 3R1 was used as a nested primer in
second round PCR. The predominant PCR product was cloned
and sequenced. The genomic copy of the TGP3 gene was
cloned by PCR with Tetrahymena genomic DNA using two
gene-specific primers termed 3U (5′-TAACAACTAAGTC-
TCTCCTC) and 3R (5′-ATTCACTCATTGCTTAGTGGC).
A 1.7 kb PCR product was purified and sequenced.
Sequence analyses
The GCG (Genetics Computer Group, Madison, WI) software
package was used for sequence analyses. BLAST searches
were performed over the World Wide Web at the National
Center of Biotechnology Information. The program Boxshade
was used to process multiple sequence alignments.
Nuclear fractionation
Tetrahymena nuclear fractionation was performed using a
protocol slightly modified from Higashinakagawa (32). Essen-
tially, ∼1 × 107 mid log phase cells were harvested and resus-
pended in 10 vol of ice-cold 0.25 M sucrose and 10 mM
MgCl2. Cells were lysed by the addition of NP-40 (final
concentration 0.2%) followed by vigorous pipetting (usually
50 times) on ice. The extent of cell lysis was checked by
methyl green staining and microscopy to ensure that >80% of
the cells were lysed. Solid sucrose was added to the lysed cell
solution at a final concentration of 2.1 M. The mixture was
stirred vigorously at the maximal setting (Vortex Genie 2;
Fisher, Pittsburgh, PA) at 4°C for 40 min and centrifuged at
50 000 r.p.m. (Ti70.1 rotor; Beckman-Coulter, Fullerton, CA)
for 2 h. The supernatant was dialyzed against a dialysis buffer
(10 mM Tris–HCl, 7.5, 1 mM MgCl2, 5% glycerol) with
protease inhibitors (0.01 mM leupeptin, 0.01 mM pepstatin,
0.1 mM Pefabloc) at 4°C overnight and saved as Tetrahymena
cytoplasmic extract. The pellet containing mostly nuclei
(confirmed by methyl green staining) was rinsed twice,
resuspended in the dialysis buffer and lysed by the addition of
a 1/10 vol of 2% NP-40 and maximum stirring at 4°C for 30 min.
The lysed nuclear mixture was centrifuged at 50 000 r.p.m.
(Ti70.1 rotor) and the supernatant saved as Tetrahymena nuclear
extract.
Targeted disruption of somatic TGP1 and TGP3 genes
p4T2-1 (a gift from D.M. Gorovsky, University of Rochester) is
a plasmid containing the neomycin resistance (neo) gene
cassette, whose expression confers paromomycin resistance in
Tetrahymena. pGEXT-TGP1 and pGEXT-TGP3 are pGEXT-
easy vectors (Promega, Madison, WI) containing cloned TGP1
and TGP3 genes (full genomic copies with all exons and introns
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included), respectively. Unique cloning sites (XhoI and BamHI
for TGP1; XhoI and XmaI for TGP3) were created in an exon of
the cloned TGP gene by an inside-out PCR amplification of
pGEXT-TGP vectors. Primers used were: 1KOU (XhoI) (5′-
CCGCTCGAGGCTAAGGTAGCTGTCATTC) and 1KOR
(BamHI) (5′-CGGGATCCCACTGCTGCTATCCAAGCTG)
for pGEX-TGP1; 3KOU (XhoI) (5′-AACTCGAGATAATTC-
CTCCTCTTCCTG) and 3KOR (XmaI) (5′-TTCCCGGGTTA-
TCTGTTTTAACAGCGGC) for pGEX-TGP3. Amplified PCR
products and the p4T2-1 plasmid were digested with appropriate
restriction enzymes indicated in the primers and ligated to create
gene disruption vectors. The disruption vectors (pTGP1KO and
pTGP3KO) thus contain TGP genes that are disrupted by the
neo gene cassette.
A gold particle-mediated biolistic gun protocol was used for
Tetrahymena transformation (33). Disruption vectors were
linearized by ApaI digestion, purified, dissolved in ddH2O at
∼2 µg/µl and used to coat gold particles as follows. Five
microliters of DNA (2 µg/µl) was mixed with 25 µl of 1.0 µm
gold particles (Bio-Rad, Hercules, CA) (pretreated and stored
at –20°C in 50% glycerol at a concentration of 60 mg/ml),
10 µl of 0.1 M spermidine (Sigma) and 25 µl of 2.5 M CaCl2.
The mixture was then vortexed (setting 4, Vortex Genie 2) at
4°C for 10 min. The gold particles were washed once with 70%
ethanol and once with 100% ethanol and then resuspended in
20 µl of 100% ethanol. Ten microliters of the resuspended
DNA-coated gold particles was loaded onto a flying disk (Bio-
Rad) and air dried. About 1 × 107 mid log phase Tetrahymena
cells were starved in 10 mM Tris–HCl, pH 7.5, at 30°C with
shaking for ∼15 h, washed, resuspended in 1 ml of 10 mM
HEPES buffer, pH 7.5, spread onto a moist filter paper
(Whatman, Rockland, MA) and bombarded with DNA-coated
gold particles at 900 p.s.i. using a biolistic PDS-1000/He
particle delivery system (Bio-Rad). Bombarded cells were
immediately resuspended in 50 ml of 2% PPYS medium,
cultured at 30°C for 4 h to allow cell recovery and plated into
96-well microtiter plates at 150 µl/well. Paromomycin (Sigma)
was added to the wells to a final concentration of 120 µg/ml.
After incubation in a humid chamber for at least 3 days, wells
with actively growing cells were counted and replicated to
plates with fresh 2% PPYS medium containing 200 µg/ml
paromomycin.
Southern blot analysis
About 15 µg Tetrahymena genomic DNA was digested with
restriction enzyme(s) at 37°C overnight, purified by phenol/
chloroform extraction and ethanol precipitation and separated
on 0.8% agarose gel. The gels were depurinated, denatured and
blotted onto MagnaGraph nylon membrane. Membrane blots
were probed with 32P-labeled TGP1 or TGP3 gene fragment
(Random-Primer Labeling Kit; Promega). Hybridization was
performed according to a standard protocol (34). The blots
were exposed to X-ray films or to a Phosphorimager screen
(Molecular Dynamics, Sunnyvale, CA).
Growth analysis
Mid log phase cells were used to inoculate 50 ml of 2% PPYS
medium at an initial cell density of 200 cells/ml. Cells were
cultured at 30°C with constant shaking (125 r.p.m.). At various
time points during the culturing, 100 µl of the cell culture was
taken out to determine the culture density using a Coulter
counter (Beckman-Coulter). The data were then plotted and the
doubling time was estimated by curve fitting (Microsoft Excel;
Microsoft, Seattle, WA). The analysis (cell culturing and
counting) was repeated at least twice to minimize sample vari-
ations.
Mobility shift assay
Mobility shift assays were performed as previously described
(27). Fifty nanograms of 32P-labeled oligo Y (ACTGTCG-
TACTTGATATGGGGGT) was boiled for 3 min in G-DNA
formation buffer (50 mM KCl, 10 mM MgCl2, 10 mM Tris–
HCl, pH 8.0, 5% glycerol), cooled and incubated at room
temperature for at least 30 min. Usually, >90% of oligo Y is in
G-DNA form after the boiling–cooling procedure. About
2.5 ng labeled Y(G4) was mixed with protein extract in a
binding reaction buffer (10 mM Tris–HCl, pH 7.5, 6% glyc-
erol). One hundred-fold (~250 ng) non-specific competitor
poly(dI-dC)·poly(dI-dC) (Pharmacia, Peapack, NJ) was added
to each binding reaction. The total volume of each reaction was
20 µl. After incubation on ice for 20 min, the reaction mixtures
were loaded onto a 6% polyacrylamide gel. Electrophoresis
was carried out in 0.6× TBE at room temperature. Gels were
vacuum dried and exposed to X-ray film or to a Phosphorim-
ager screen (Molecular Dynamics).
Nuclear staining
Tetrahymena cells in mid log phase were washed, resuspended
in 10 mM Tris–HCl, pH 7.5, at a concentration of 105 cells/ml,
fixed by addition of a one thousandth volume of 37%
formaldehyde at room temperature for 1 min and stained by
addition of a 1/10 vol of Hoechst DNA dye (Sigma) solution
(10 mg/ml) for 10 min. Nuclei were visualized using an BH-2
fluorescence microscope (Olympus, Melville, NY). Images
were captured and processed in the program NIH Image.
RESULTS
Molecular cloning of TGP3
We have previously purified and cloned a novel G-DNA-
binding protein, TGP1, from T.thermophila (27). During TGP1
purification, a 40 kDa protein was found to co-purify with
TGP1 (∼82 kDa) and account for an additional G-DNA-
binding activity, and this was referred to as TGP3. Because of
its apparent co-purification with TGP1, TGP3 was purified
using essentially the same procedure as that for TGP1. The
highest purified fractions contained two predominant proteins
(80 kDa TGP1 and 40 kDa TGP3) as revealed by silver stained
SDS–PAGE (27).
To clone the TGP3 gene, direct N-terminal peptide
sequencing was first performed with purified TGP3 protein.
However, no clear sequence data were obtained, probably due
to N-terminal blockage of the purified protein. Internal peptide
sequencing was thus attempted. Purified TGP3 protein was
digested with CNBr, resulting in three major peptides (data not
shown). Each of the peptides was subjected to N-terminal
sequencing and one of the peptides yielded a clear sequence
(RTNNYRKQNNNQQRKNN). Based on this sequence, along
with consideration of Tetrahymena genetic codon usage (35), a
long partially degenerate primer (TGP3U) was designed and
used directly in a 3'-RACE [the other primer was the
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poly(dT)-anchor primer provided in the RACE kit]. A PCR
product of ∼600 bp was amplified. Full-length TGP3 cDNA
was obtained by doing a 5'-RACE using the sequence informa-
tion generated from the 3'-RACE. The deduced amino acid
sequence (Fig. 1A) contains the peptide obtained from the
direct protein sequencing and the predicted molecular weight
(40.2 kDa) of the deduced protein is consistent with the TGP3
protein size observed on SDS–PAGE (27). These data suggest
that the cloned TGP3 cDNA sequence is most likely complete
and correct. In addition to the cDNA cloning, TGP3 genomic
DNA was also cloned based on a PCR strategy. Two primers
(one from the 5'-end of the TGP3 cDNA and the other from the
3'-end) were used in PCR amplification of Tetrahymena
genomic DNA. A predominant 1.7 kb band was amplified and
sequenced (data not shown). The genomic DNA contains six
exons and five introns. The sequence of the exons matches
exactly the cloned TGP3 cDNA sequence, confirming the
authenticity of the cDNA sequence obtained. All the introns
(ranging from 42 to 187 bp) are AT-rich and contain consensus
eukaryotic splicing sites.
TGP3 is homologous to TGP1
TGP3 protein has several notable sequence features. First, it is
rich in basic residues and has a predicted pI of 10.67. Second,
it contains a long and continuously hydrophilic region (resi-
dues 154–240; Fig. 1B), which is also rich in asparagine and
basic residues. Third, it contains two putative nuclear localiza-
tion signals (NLS) (dot underlined in Fig. 1A). Notably, all
three features are also shared by TGP1 (27). Namely, TGP1
has a pI of ∼10.5, has a hydrophobicity plot strikingly similar
to that of TGP3 (Fig. 1B) and contains a putative NLS.
BLAST searches revealed that TGP1 and TGP3 are homolo-
gous to each other. Sequence alignment showed that TGP3 is
homologous to the 3'-end of TGP1 (Fig. 2A). The sequence
identity between the two proteins is 34% and the level of simi-
larity is 44%. The alignment creates a long artificial gap in the
TGP3 sequence. Immediately following this gap are the long
and continuous hydrophilic regions. The alignment between
these regions is of very low complexity (most identical resi-
dues are asparagines) and, thus, probably only reflects the
hydrophilic and asparagine-rich nature of the regions. In
contrast, the alignment between sequences flanking the gap
and the hydrophilic regions is of high complexity and the iden-
tical residues are often in clusters. For the purpose of clarity in
the following section, we designate the sequence upstream of
the hydrophilic region (and the gap) region A and the down-
stream sequence region B.
Novel repetitive and homologous motifs in TGP sequences
When we used region A of the TGP3 sequence in a BLAST
search, we found that it is homologous not only to region A of
TGP1 (which is expected from the sequence alignment shown
in Fig. 2A) but also to region B of TGP1. Using region B in a
BLAST search, we found a similar situation. This cross-
homology between the A and B regions indicates that the four
regions (two from each protein) are homologous to each other.
Subsequent multiple sequence alignment revealed that similar-
ities exist among the four regions (Fig. 2B). There are 18 iden-
tical amino acid residues among all the four regions and 22
additional sites identical among at least three of the four
regions. Even though these identical sites constitute only ∼22%
of the whole sequence in the alignment, most of these sites tend
to be in clusters, suggesting that the similarities are function-
ally significant. A pattern-initiated BLAST search (36)
revealed no other proteins sharing such motifs. In summary,
sequence analysis and comparison showed that TGP1 and
TGP3 share a similar sequence pattern that contains two novel
repetitive and homologous motifs flanking an extensively
hydrophilic and basic region.
TGP1 and TGP3 activities are localized predominantly to
the nuclei
To study the in vivo roles of these two novel G-DNA-binding
proteins, we first determined the subcellular localization of the
proteins. Using a standard protocol we fractionated Tetra-
hymena cells into cytoplasmic and nuclear extracts, which
were then tested for TGP G-DNA-binding activities in
mobility shift assays (Fig. 3). The cytoplasmic extract
contained TGP2 activity but almost no TGP1 and TGP3 activ-
ities. In contrast, the nuclear extract contained both TGP1 and
TGP3 activities but no TGP2 activity. TGP2 has been identi-
fied as a dihydrolipoamide dehydrogenase (29), which is local-
ized mainly in the mitochondrial membrane and, thus, it is
expected to be found in the cytoplasmic fraction. The fraction-
ation data demonstrate that, in contrast to TGP2, TGP1 and
TGP3 activities are localized mainly to the nuclei. This result
is consistent with the identification of NLSs and the DNA-
binding nature of TGP1 and TGP3 proteins.
Figure 1. (A) Deduced TGP3 protein sequence. The peptide sequence
obtained from internal peptide sequencing is underlined. Putative nuclear
localization sequences (NLS) are dot underlined. The cDNA sequence has
been deposited in GenBank (accession no. AF136448). (B) Hydropathy analy-
sis of TGP1 and TGP3 proteins using the algorithm of Kyte and Doolittle (51).
The hydropathy profiles of the two proteins are very similar: both proteins are
very hydrophilic and contain a long and continuous hydrophilic region (resi-
dues 470–610 for TGP1 and 154–240 for TGP3). The long and continuous
hydrophilic regions are also rich in asparagine and basic amino acid residues
(data not shown).
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Macronuclear transformation of KO vectors
To directly study the biological function(s) of the proteins, the
TGP1 and TGP3 genes were separately disrupted in the macro-
nucleus. Gene disruption vectors (pTGP1KO and pTGP3KO
for TGP1 and TGP3, respectively) were constructed by
inserting a neo gene cassette (whose expression confers paro-
momycin resistance in Tetrahymena cells; 37) into an exon (to
ensure that the neo cassette would not be excised during tran-
scription of TGP genes) of the target gene (Fig. 4A and B). The
KO vectors were separately transformed into starved Tetra-
hymena CU428 cells using a gold particle-mediated transfor-
mation protocol (33). Several dozen transformants were
obtained for both TGP1 and TGP3 disruption vectors. Two
transformants from each group (1KOA and 1KOB for TGP1;
3KOA and 3KOB for TGP3) were randomly selected for
further analyses.
Complete macronuclear gene disruption in KO cells
The Tetrahymena macronucleus is not diploid (as is the micro-
nucleus) but rather contains an average of ∼50 copies for each
gene (26). In a typical transformation, gene disruption initially
occurs through homologous recombination in only very few
(most likely one) copies of the target gene. However, the
macronucleus divides amitotically (distributing gene copies
randomly to daughter cells), resulting in a phenomenon known
as phenotypic assortment. Under selection pressure, the initial
disrupted gene copies tend to be sorted to homogeneity. Thus,
unless there is counter-selective pressure to maintain copies of
the wild-type gene, complete gene disruption will be achieved.
On the other hand, a gene that is essential for viability can only
be partially disrupted.
Selected KO transformants (1KOA, 1KOB, 3KOA and
3KOB) were cultured in 500 µg/ml paromomycin medium for
at least 200 generations to allow complete phenotypic assort-
ment. Genomic DNA was then isolated from the KO cells and
used in Southern blot analysis to determine the extent of gene
disruption (Fig. 4C and D). For the analysis of TGP1 gene
disruption (Fig. 4C), a TGP1 gene-specific probe was hybrid-
ized to genomic DNA digested by EcoRI or EcoRV. In the
wild-type genomic DNA, a single band was detected with
either EcoRI (2.4 kb) or EcoRV (8.0 kb) digestion. In DNA
from the two TGP1KO strains (1KOA and 1KOB), the hybrid-
ized band shifted to 4.0 (EcoRI) or 4.2 kb (EcoRV), indicating
insertion of the neo cassette into the TGP1 gene locus. No
hybridized band of wild-type size was detected in the
TGP1KO cells, suggesting that the TGP1 gene was completely
disrupted. Similarly, for the analysis of TGP3 gene disruption
(Fig. 4D), a TGP3 gene-specific probe was hybridized to
Figure 2. TGP1 and TGP3 are homologous and share conserved motifs. (A) Sequence alignment of TGP3 and TGP1. (B) Sequence alignment of four domains
(two from TGP1 and two from TGP3) that flank the long and continuous hydrophilic regions. Identical and similar amino acid residues are indicated by shading
in dark and gray, respectively. For the alignment of the four domains (B), only residues that are conserved in at least three of the four domains are shaded.
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EcoRI- or EcoRV-digested genomic DNA. The hybridized
band shifted from ∼6 kb in wild-type cells to ∼7 kb in the TGP3
KO cells (EcoRI digestion) or from ∼12 to ∼7 kb (EcoRV
digestion), indicating that the neo cassette had been inserted
into the TGP3 gene locus. No wild-type band was detected in
TGP3KO genomic DNA, suggesting complete disruption of
the TGP3 gene.
To further confirm complete disruption of the TGP genes in
the macronucleus, the KO cells were cultured in medium
containing no paromomycin. If a gene has not been completely
disrupted (meaning wild-type copies of the gene still exist in
the macronuclear genome), culturing without drug selection
will result in a reversion of the wild-type gene (through pheno-
typic assortment). However, if a gene has been completely
disrupted, no such reversion will occur. After growth in paro-
momycin-free medium for 2 weeks, DNA from the KO cells
was checked by Southern blot analysis. No reversion of the
wild-type gene was observed in either TGP1KO or TGP3KO
cells (data not shown), demonstrating that each of the genes
had been completely disrupted in the macronucleus.
The G-DNA-binding activities are abolished in the KO
cells
Since the Tetrahymena macronucleus is transcriptionally
active and responsible for all protein expression in the cell,
complete gene disruption in this nucleus should result in the
elimination of protein expression of the targeted gene. To
determine whether the expression of TGP proteins had been
abolished in the KO cells, we assayed the G-DNA-binding
activities in total protein extracts made from the wild-type,
TGP1KO and TGP3KO cells (Fig. 5). While the extract from
wild-type cells contained three G-DNA-binding activities
Figure 3. TGP1 and TGP3 activities are localized predominantly to the nuclei.
Tetrahymena cells were fractionated into cytoplasmic (C) and nuclear (N) frac-
tions according to a standard method (25). Protein extracts were made from the
fractions and tested for G-DNA-binding activities in mobility shift assay. The
first lane is a control with no protein extract. While TGP2, which is a dihydro-
lipoamide dehydrogenase, was found mainly in the cytoplasmic fraction, the
TGP1 and TGP3 activities were found predominantly in the nuclear fraction.
Two separate fractionation experiments were done (prep #1 and #2) to show
reproducibility of the assay.
Figure 4. The TGP1 (or TGP3) gene in the macronucleus was completely disrupted. (A and B) Diagrams of macronuclear TGP1 and TGP3 genomic organizations.
Exon–intron structures of the genes are shown with the exons indicated by the dotted pattern. Gene disruption was done by inserting the neo gene cassette into an
exon (the fifth exon for TGP1 and the third for TGP3) of the target TGP gene. A 1 kb scale bar is shown. (C and D) Southern blot analysis of TGP1 (TGP3) KO
strains. wt, wild-type; 1KOA and 1KOB, two of the TGP1 KO stains; 3KOA and 3KOB, two of the TGP3 KO stains. Genomic DNA was extracted, digested with
EcoRI or EcoRV and hybridized with TGP gene-specific probes. Probes used in the hybridization are indicated in (A) and (B).
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(TGP1, TGP2 and TGP3), TGP1KO cells exhibited only two
G-DNA-binding activities (TGP2 and TGP3) but had no TGP1
activity, indicating that TGP1 activity had been abolished in
the TGP1KO cells. Similarly, the TGP3 activity was lost in
TGP3KO cells. The result showed that complete disruption of
the targeted TGP gene in the macronucleus results in abolition
of the corresponding G-DNA-binding activity.
In addition to loss of the particular G-DNA-binding activity,
the mobility shift assay showed a change in the other G-DNA-
binding activity in the KO cells (Fig. 5). For example, in
TGP1KO cells where TGP1 activity was abolished, there was
an increase in TGP3 activity compared with that in the wild-
type cells. This is intriguing, since TGP1 and TGP3 share
significant homology with each other. Therefore, one might
expect that there is certain level of redundancy between the
two proteins. However, in TGP3KO cells, TGP1 activity did
not increase as substantially as TGP3 did in TGP1KO cells.
Instead, the TGP1 activity shifted to a lower position,
suggesting that the loss of TGP3 may somehow affect the
architecture of the G-DNA–TGP1 complex.
KO cells grow at near normal rate
To determine if the disruption of TGP genes affects cell
growth, we assayed the growth rates of the KO cells. Wild-type
and KO cells were cultured in parallel under optimal growth
conditions (30°C, 125 r.p.m. shaking, 2% PPYS medium). Cell
numbers were usually counted every 2 h during the culturing
and the data were used to construct the growth curves shown in
Figure 6. Cell doubling rates were determined by curve fitting.
The doubling rates of TGP1KO and TGP3KO cells were about
2.75 and 2.6 h, respectively. Both doubling rates are only
slightly slower than that of the wild-type cells (2.45 h). In addi-
tion to cell growth rate, we also examined the cell morphology
and swimming rate, but found no apparent defects in these
aspects in the KO cells (data not shown). These data indicate
that, while there might be some subtle growth changes in the
KO cells, disruption of either the TGP1 or TGP3 gene has no
profound effects on cell growth and behavior, suggesting that
neither TGP1 nor TGP3 is essential.
Extra micronuclei in KO cells
The TGP1 and TGP3 proteins are specific DNA-binding
proteins and predominantly localize to the nuclei, as shown by
the nuclear fractionation experiment. To determine if disrup-
tion of the TGP genes affects nuclear structure, we examined
the nuclei in the KO cells. Nuclei of TGP1KO, TGP3KO and
wild-type cells were stained with Hoechst DNA dye and
imaged using fluorescence microscopy. The normal Tetra-
hymena nuclear structure is shown in Figure 7A. Initially, a
cell contains one micronucleus and one macronucleus. The
micronucleus begins to divide, forming two micronuclei,
followed by macronuclear elongation and separation. The
nuclei are then distributed into daughter cells. In normal cells,
there should be no more than two micronuclei. However, in
both TGP1KO and TGP3KO cells, we observed large numbers
of cells containing more than two micronuclei (sometimes up
to six) (Fig. 7B). To obtain statistically significant data, a large
number (∼3000) of cells from each group (wild-type, TGP1KO
and TGP3KO cell lines) were stained with Hoechst DNA dye
and the number of micronuclei in the cell was determined. In
both TGP1KO and TGP3KO cells, the percentages of multiple
micronuclei were significantly higher than that in the wild-type
cells (Fig. 7C). For example, cells containing three micronuclei
account for 2.5% of TGP1KO cells and 3.5% of TGP3KO
cells, while only 1% of wild-type cells have three micronuclei.
In the case of cells containing four or more micronuclei, the
percentages of such cells in TGP1KO and TGP3KO strains are
also higher than that in wild-type cells. In addition, percent-
ages of cells containing two nuclei are higher in KO cells than
those in wild-type cells. In summary, our data revealed an
increased occurrence of multiple micronuclei in both TGP1KO
and TGP3KO cells.
DISCUSSION
The functional significance of G-DNA in biological systems
remains elusive and requires further exploration. We previ-
ously cloned a novel Tetrahymena G-quartet DNA-binding
protein, TGP1 (27). In this paper we report the molecular
Figure 5. Mobility shift assay of total protein extracts from wild-type,
TGP1KO and TGP3KO cells. A roughly equal amount of protein extract (from
∼103 cells) was used in each lane (except the first lane, which is a control with
no protein extract).
Figure 6. Growth curves of wild-type, TGP1KO and TGP3KO cells. Cells
were cultured at 30°C in 2% PPYS medium with constant shaking (125 r.p.m.).
Culture density was determined by cell counting at different time points and
plotted as a growth curve on a logarithmic scale. Cell doubling time was deter-
mined by curve fitting. KO cells have a slightly slower doubling time (TGP1,
2.75 h; TGP3KO, 2.6 h; wild-type, 2.45 h).
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cloning of an additional Tetrahymena G-DNA-binding protein,
TGP3, that is homologous to TGP1. Furthermore, we have
investigated the biological role(s) of the novel proteins by
functional analyses, including gene disruption.
Novel motifs shared by TGP1 and TGP3
To our knowledge, the homology between TGP1 and TGP3
represents the first such finding among all known G-quartet-
binding proteins. The two proteins share an intriguing and
novel sequence pattern. This sequence pattern is composed of
two repetitive motifs flanking an extensively hydrophilic and
basic region. We speculate that this sequence pattern may
constitute a novel G-quartet-specific binding domain or motif.
A model consistent with the observed sequence arrangement is
shown in Figure 8. In this model the two flanking repetitive
regions specifically recognize and bind to G-quartet DNA,
while the hydrophilic and basic region, which is of low
sequence complexity, increases the binding strength through
electrostatic interaction with the DNA substrate. Future
detailed domain analysis by serial deletion will help identify a
minimal domain accounting for G-DNA binding.
We found no significant homologs of TGPs in available
protein databases nor did we find proteins with the general
sequence pattern shared by TGP1 and TGP3. However, it is
possible that TGP-like proteins exist in other organisms but
their relationship to TGP1 and TGP3 in Tetrahymena is
masked by changes in primary sequence. This is the case for
several ciliate proteins. For example, the Oxytricha protein
TEBP has no apparent sequence homologs but contains struc-
tural motifs called oligonucleotide/oligosaccharide folds that
are shared by many other proteins (38). It may be most produc-
tive to search for TGP homologs in other ciliates such as
Oxytricha and Euplotes. Identification of TGP homologs from
these organisms will help define shared higher order features
such as the putative G-DNA-binding domain and facilitate the
search for homologs in more distantly related organisms.
Biological role(s) of TGP proteins
We showed by a nuclear fractionation experiment that both
TGP1 and TGP3 are localized predominantly to the nuclei.
This is consistent with the presence of NLSs in both proteins.
We began to address the possible biological role(s) of these
proteins by disrupting the genes encoding them in the macro-
nucleus. We observed an increased occurrence of extra micro-
nuclei in both TGP1KO and TGP3KO cells. One plausible
explanation for this extra micronuclear phenotype is that the
micronucleus in the KO cells divides prematurely and becomes
partially uncoupled from cellular division. However, the mech-
anism by which a G-DNA-binding protein could cause this is
not clear. Recently, telomere–telomere association has been
suggested to be involved in the process of mitotic nuclear divi-
sion (39,40). A study by Kirk et al. (41) showed that a mutation
in Tetrahymena telomeric DNA repeats (T2G4→T4G4) caused
severely delayed micronuclear division. Since most telomeres
contain a single-stranded G-rich overhang (42–47) that can
adopt the G-DNA structure in vitro, one possibility is that the
TGP proteins are involved in G-DNA-mediated telomere asso-
ciation. In this model, removal of the proteins could cause
weakened association at the telomeres and thus allow sister
chromatids to separate prematurely, producing the extra micro-
nuclear phenotype observed in the TGPKO cells. However, we
have not demonstrated any TGP–telomere association at this
time and it is equally possible that the TGP proteins interact
with G-DNA domains other than those proposed to occur at
telomeres. Additional studies using, for example, recently
Figure 7. Increased occurrence of extra micronuclei in both TGP1KO and
TGP3KO strains. (A and B) Normal and aberrant nuclear structures. Tetrahy-
mena nuclei were stained with Hoechst DNA dye. Images of stained nuclei
were captured and processed using the program NIH Image. A Tetrahymena
cell usually contains no more than two micronuclei (A). In the KO cell lines,
there are a large number of cells containing more than two micronuclei (B).
(C) Percentages of cells containing multiple micronuclei in wild-type and KO
cells. The experiment was repeated three times over a 1 month period. About
3000 cells from each cell line were counted according to the number of micro-
nuclei in the cell.
Figure 8. Model for TGP–G-DNA binding. The two homologous motifs in the
TGP proteins specifically recognize and bind to the G-DNA, while the exten-
sively hydrophilic and basic region between the homologous motifs strength-
ens the protein–G-DNA binding through electrostatic interaction with the
G-DNA.
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developed G-DNA-specific dyes (48) or antibodies (49,50)
along with immunolocalization data are needed to determine
the sub-nuclear location of TGP1 and TGP3.
Other than the faulty control of micronuclear division, we
did not detect any significant morphological or physiological
changes in the KO cells. Both TGP1 and TGP3 KO cells grow
at near normal rate and have a normal morphology, suggesting
that neither TGP1 nor TGP3 is an essential gene. Since TGP1
and TGP3 share significant homology with each other, one
might expect that the proteins may have similar functions in
vivo and, furthermore, there could be a certain level of func-
tional redundancy between the proteins. Indeed, we found that
TGP3 activity increases in TGP1 KO cells, suggesting that
TGP3 may compensate for the loss of TGP1 by increasing its
expression. This possible functional redundancy between
TGP1 and TGP3 may explain the relatively mild phenotype we
observed in the KO cells. Future emphasis will be on creating
a TGP1/TGP3 double KO in anticipation of a more severe and
revealing phenotype.
In summary, we have cloned a new Tetrahymena G-DNA-
binding protein TGP3. This protein shares a putative G-DNA-
binding domain with a previously cloned Tetrahymena G-
DNA-binding protein TGP1. Functional analyses suggest that
these two novel proteins localize in the nuclei and may play a
role in micronuclear division. Future studies, including protein
domain analysis, immunolocalization and double gene disrup-
tion, will be needed to further elucidate the biological func-
tions of the two novel proteins and the G-DNA structure with
which they interact.
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